Recently, there has been a significant interest in Terahertz (THz) technology, primarily for its potential applications in detection of concealed objects as well as in medical imaging for non-invasive diagnostics. This region of the spectrum has not been fully utilized due to lack of compact and efficient THz sources and detectors. However, there are several reports recently on real-time THz imaging using uncooled microbolometer camera and quantum cascade laser (QCL) operating as a THz illuminator. The cameras used in these studies are optimized for infrared wavelengths and do not provide optimal sensitivity in the THz spectral range. The fabrication of microbolometer focal plane arrays (FPAs) is relatively complex due to the required monolithic integration of readout electronics with the MEMS pixels. The recent developments in bi-material based infrared FPAs, utilizing optical readout, substantially simplifies the FPA fabrication process by decoupling readout and sensing. In this paper, design and fabrication of a bi-material based FPAs, optimized for the THz wavelengths, as well as design and integration of the readout optical system for real-time imaging will be described.
INTRODUCTION
Terahertz (THz) spectrum lies between the infrared and microwave spectra covering approximately 0.1 to 10 THz. The advantage of this particular frequency band for probing purposes is the low power of emitted photons and the fact that they are non-ionizing. As such, THz poses less harmful effects for the persons or objects being probed other than the associated heating effects. This feature gives THz a significant advantage over the probing using x-rays. In addition, THz detectors are applicable to detection of concealed objects as well as non-invasive medical imaging applications.
In the past, this frequency band has been underutilized for several reasons. Compared to the infrared radiation emitted by objects at room temperature, the terahertz portion of the blackbody spectrum is much smaller than the infrared portion. Thus, the detectors sensitive enough to passively sense the THz radiation are not yet readily available. Another option for utilizing the advantages of THz is to incorporate an external THz source to illuminate the objects being probed. In the past, this has been an obstacle due to unavailability of appropriate THz sources. However, recently, some modifications to the bolometer infrared cameras were able to make them sensitive to 1-5 THz radiation [1] [2] [3] . This was demonstrated by using bolometer camera with either a polyethylene or a picarin lens and a THz quantum cascade laser (QCL) as an illuminator. The absorption of THz radiation by hybrid silicon-nitride/vanadium oxide microbolometer pixels is responsible for the generation of images. The optimization of the microbolometer focal plane array (FPA) for THz detection requires a change in pixel size and integration of readout electronics which is relatively complex and expensive. One approach to overcome these difficulties is to incorporate MEMS-based bi-material detectors, which were successfully demonstrated in infrared imaging [4] [5] [6] . This detection scheme involves detector deformation to minute temperature changes resulting from absorption of THz radiation. During readout, individual deformations in the entire FPA are simultaneously probed by shining visible light on the array and reflecting it into an off-the-shelf CCD camera. The optical readout eliminates the self-heating effects during the readout which allows longer integration times, and hence better signal-to-noise ratio. In addition, optical readout eliminates the need for integration of readout electronics with the FPA.Several groups have successfully demonstrated the use of silicon-nitride detectors for IR imaging. However, due to the lower power of THz radiation, a MEMS detector, better suitable for THz imaging required a better sensitivity. Such detector became available with demonstration of the SiO 2 based MEMS detectors. This prompted us to begin developing the bi-material based MEMS structures for high sensitive THz detection and to be used together with a as an illumination source.
SENSOR ARCHITECTURE
Our initial sensor utilizes the design already shown to be very sensitive in our previous work in infrared detection 4 . The details of the design are presented in Figure 1 , where its advantages are discussed in detail. The main advantage is the concept of multifold bi-material structure 7, 8 which maximizes the displacement due to bimetallic effect under temperature change, while preserving the compactness of the structure. In addition, the substrate-free design 9 allows the use of SiO 2 -Al combination which has been demonstrated to provide a great improvement in sensitivity and noise equivalent temperature difference (NETD) for IR imaging. As in the previous work, the design allows embedding the resonant cavity into the detector's absorber, between the structural and metallization layers. In the previous case, the cavity was built out of PECVD grown amorphous Si and it provided the optimal absorption characteristics in the IR region of interest (8-10 μm). For THz optimized detector, we explored a number of microfabrication-friendly materials with good THz-absorbing characteristics. One of the materials was the PECVD-grown SiNx which has relatively good absorption in the THz range as illustrated in Figure 2 10 . Alternatively, we are also probing the potential use of other materials including nanolaminate films. Their absorption properties will be modeled using the Rouard method 11 using the optical properties in the THz region available in the literature. 
FINITE ELEMENT MODELING
As mentioned previously, to maximize the sensitivity, we have used the SiO 2 -Al combination, together with SiNx as the embedded film within the absorber. The design was modeled using COMSOL finite element analysis software. The dimensions of a pixel is 200 μm × 200 μm area and consists of 1 μm SiO 2 , 200 nm of Al with the optical cavity of 1 μm filled with SiNx. Using the methods described in the modeling was used to obtain the resonant frequency, response time, sensitivity and noise equivalent temperature difference (NETD) and the results are summarized in Table I . Fig. 3(b) shows the corresponding displacement of the pixel structure due to bimetallic effect. High thermal sensitivity and low noise levels promise that this detector would be suitable for a low-power THz radiation.
MICROFABRICATION
The significance of this design is that the microfabrication does not need to address the readout electronics and is therefore significantly simpler and more flexible in terms of allowed processes. The microfabrication follows the steps previously defined in 4 and is outlined in Figure 4 . The process begins with a double-sidepolished (DSP) 4 inch silicon wafer. A structural film of 1 μm thick SiO 2 is then grown on the substrate using a PECVD process. The process continues with a deposition of a SiN x film (or another set of stacked films in case of nano-laminates) to be used as the optical cavity.
The first mask patterns the optical cavities in the top layer. The cavities are generated using the SF 6 -F166 reactive ion etching. The second mask patterns the metallization layers for liftoff. The 200 nm Al film is then deposited and the liftoff performed. The third mask process patterns the pixel structures which were etched by CHF 3 -O 2 reactive ion etching process. Finally, after depositing a 7 μm protective layer of hardbaked photoresist, the backside is patterned for deep reactive ion etching process, to etch an array of holes underneath each pixel. The detectors are released after the removal of the protective photoresist layer in an O 2 plasma. The process flow is outlined in Figure 4 . Fig. 4 a) The process starts with a 300 μm DSP wafer, b) 1 μm of SiO 2 is PECVD deposited, c) 1 μm of SiNx is deposited, d) the cavities are patterned in photoresist, e) RIE removes the SiNx other then the cavity, f) the metallization regions are patterned in photoresist, g) 200 nm of Al is deposited and liftoff performed and followed by h) patterning the structures in photoresist, i) after resist strip the structure with embedded cavity is completed. j) After protecting the top side structures by 7 mm of hard-baked photoresist, DRIE is used to remove the substrate underneath each pixel Lensi degrees due to residual stress of the composite film after releasing. This will generate relatively large fixed pattern noise during the readout. Further reduction of the stress of the composite film is needed to reduce this effect.
SYSTEM INTEGRATION
The integrated system incorporates the array of detectors into an optical readout system. The schematic of the readout system is presented in Figure 6 . The system consists of a visible light source (an LED), which projects the light off the array into a CCD camera through an aperture. The FPA is kept under vacuum to reduce the convectional heat loss which drastically reduces the sensitivity. The readout process begins with taking a background image using the reflected light from the array without THz illumination. Then the array is illuminated by the THz radiation through the THz optics and the pixel temperatures increase proportionally to the THz incident power on them. The temperature increase will, in turn, cause the pixels to deform which alters the amount of reflected light received by the CCD. Finally, the THz image can be recovered by subtracting the background image. The pixels that are deformed the most will show the largest change in intensity of light received by the CCD and, when those intensity changes are plotted as an image, they will appear as the brightest areas. This concept is used to reconstruct the image 4,12 .
Fig . 6 . The array enclosed inside the vacuum cell is illuminated, through the lens and the beamsplitter, by visible light from the LED. The light is reflected through the aperture and a second lens into the regular CCD camera. The camera monitors detector deformations in real-time through background subtraction. The array is illuminated, from the backside and through a THz lens by a THz beam from the source. If the object (concealed weapon or similar) is passed through the beam the detector deformations will follow the shape of the object not transparent to THz.
CONCLUSION
In summary, arrays of MEMS substrate-free pixels have been successfully fabricated. The issues of stress and nonuniformity have been identified. However, our modeling shows that the design should be sensitive enough for X mW QCL illumination that we plan to utilize in our work. Currently, we are in the process of assembling of the THz system to be used for imaging using the QCL as the illumination source. We will also address the PECVD deposition techniques to decrease the level of intrinsic stress in our pixels as well as investigate the potential increase in absorption by using the composit films in place of SiNx optical resonant cavity.
